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N 7 O -  ? '? 'W~'  4 : 
The marvelous unfolding of the large scale and even detailed features of 

the astronomical universe around us has always seemed to  me the f ines t  example 

of sc ien t i f ic  detective work. The astronomer, unlike h i s  physicist, chemist and 

biologist colleagues is  necessarily forced to  observe, not emeriment. 

put the stuff he war l t s  t o  learn about on a t idy laboratory table and probe it, 

He cannot 

change it or  control its environnent. 

experimental sc ien t i s t  were he restricted t o  walk about the earth and only observe, 

promising always t o  keep h is  hands in  h i s  pockets. 

to ta l ly  dependent won laboratoxy sciences, particularly physics, in  reaching an 

understanding of what they see. 

to ta l ly  unavailable for  experimentation, 

Imagine the handicap and discomfort of any 

To be sure, astronomers are  

But their  objects of interest  are, of course, 

Astronomical knowledge seem a l l  the more impressive when one realizes that 

un t i l  the last decade or  so, observations were limited t o  the optical or  vis ible  

region - a t iny portion of the electromagnetic spectrum. Then about twenty years 

ago radio astronomy emerged as a new tool  - a new window for  astronomical studies. 

The impact on astronomical understanding has been very great indeed. 

the Milky Way, is a radio source, though not a very spectacular one. 

emitted radio power is  only Other 

galaxies which a t  first glance anpear similar t o  ours emit more radio power than 

l igh t  power. 

Our own galaxy, 

The to t a l  

o r  so of the t o t a l  emitted l igh t  outnut. 

Some objects within our galaxy, notably the Crab Nebul 

* This work has been supported in par t  by the National Aeronautics 
Administration under Grant NGR 50-002-044. 
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A axx very strong radio emitters and are apparently the remnants of supe'r novae or 

stars which exploded thousands of years ago as a part of their evolutionary process. 

The very core or center of our galaxy is a strong radio source of unknown nature. 

+ 
I 

I 

I 

It is called Saggitarius A. 

their radio power at regularly spaced intervals of time and ?uasars - radio sources 
Pulsars -radio sources within our galaxy that emit 

of very small angular size at supposedly very large distances from our Galaxy are 

both recent new discoveries of radio astropomy. 

L Except for the optical region, parts of the infra-red region and the radio 

region of the electromagnetic spectrum, the earth's atmosphere is essentially 

waque. Specifically, beginning with light in the ultra-violet region (3000A) 

and continuing on dam in wavelength through the x-ray (500 to 0.5A) and gamma 

ray (shorter than 0. SA) regions, direct measurement of cosmic electromagnetic 

radiation from the surface of the earth is impossible. 

0 

0 

0 

See Figure 1. Later in the 

article I shall describe some very ingenious methods of indirect measurement which 

are useful at exceedingly high energies (or equivalently, at exceedingly small 

wavelengths). Generally, then, x-ray and gamma ray measurements must be carried 

out with observing equipment carried up and over the earth's atmosDhere, and this 

is the reason that astronomy in these wavelength regions has only come into being 

with the availability of high altitude balloons, satellites and sounding rockets. 

The discovery of strong cosmic x-ray sources has been one of the truly 

surprising results of space age astronomy. To date some 30 remote sources have been 

found and in no case i s  there yet a good understanding of the Dhysical conditions 

under which these x-rays are emitted. The relative intensities of x-rays of different 

energies gives some hint of the emission mechanisms, but certainly no one is vet in 

a position to predict with certainty the objects in the shy which will be strong 

x-ray emitters. 

space astronomy, x-rav investigations of remote objects were not narticularly high 

In view of this, it is not hard to see why, in the early days of 
. 
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on most people's lists of promising things t o  do with instnunents above the 

atmosphere. The discovery of x-ray emitters was therefore t ruly a discovery. 

was unexpected. 

I t  

Even before the discovery of cosmic x-rays, several attempts had been made to  

locate cosmic gamma ray sources. 

expect that  many ham celest ia l  objects would emit ganuna rays. 

l ight ,  x-rays and gamma rays are a l l  really the same phenomena, of course. 

are a l l  electromagnetic radiation and what distinguishes one from the other is  the 

wavelength or energy of the photons. 

definition large. 

responsible €or the emission of radio waves from the strongest cosmic radio sources 

involved very high energy electrons. 

because it was in the electron synchrotron accelerators that  the process first 

attracted wide attention, is simply the process by which electrons radiate when i n  

a magnetic field.  Given the frequency of the detected radio noise and the approx- 

imate intensity of the magnetic f ie lds ,  it is simple t o  conclude that  the responsible 

electrons must have rather large energies -energies in  the region of tenths of 

bi l l ions t o  tens of bi l l ions of electron volts (1 b i l l ion  eV = lBeV = 1OOObkV). 

presence of these high energy electrons suggested, i n  f ac t  practically demanded on 

theoretical  grounds, that  protons of similar energy should be present in  even larger 

numbers than the electrons . 
of atoms, are hm to  create high energy unstable particles of various sorts.  

of the unitable par t ic les  is called a neutral p i  mison. 

charge and decays almost immediately a f te r  its creation into high energy gamma rays. 

Further, high energy electrons themselves, when they coll ide with the nuclei of atoms, . 

The reason was tha t  there were good reasons t o  

Radio, infra-red, 

They 

The energy of a gamma ray photon is by 

In the early 1950's it had become fa i r ly  clear that  the mechanism 

This mechanism, called synchrotron radiation 

The 

High energy protons, when they coll ide with the nuclei 

One 

I t  carries no e lec t r ica l  

are known t o  emit o r  radiate gamma rays of energy comparable to,  but of course always 

somethat less than, the i r  own. There was thus a f a i r ly  direct  implication. Radio 
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sources that emit via  the synchrotron process should be ~ m i t t e r s  of high energy 

g m a  rays. Quantitative arguments showed tha t  the relat ive intensi t ies  of the 

radio noise and gamma rays from a particular source shouJfI t e l l  US much about the 

magnetic f i e ld  and amount of gas within that  source. Garrrilii rays from these mech- 

I 

anisms should be most easily detected i n  the region abovc 50 MeV. 

should be operative on up the energy scale t o  and through the tens of BeV region 

though the number of high energy gamma ray? f a l l s  off raIBidllY 14th increasing g-a 

ray energy. 

"he Same Processes 

Another and possibly even more exciting type of gamrr1.i ray emission has i ts  

origin i n  nucleogenesis - the astrophysical building up t l i t ?  nuclei of the atomic 

table. 

Fusion, the combining of l igh t  nuclei t o  form heavier nuclr:i is i n  fact  responsible 

for  the enormous energy generation within s tars .  

however, tha t  not a l l  the nucleogenesis that  m u s t  have 0" mred someplace, sometime, 

I t  is known with v i r tua l  certainty that  nuc1eogerr;iS occurs i n  noma1 s tars .  

I t  is a 150 vir tual ly  certain, 

i n  order t o  account for  the observed relative abundances I J ~  the elements, has 

occurred within normal s t a r s  . Perhaps this  additional nil' lcogenesis Proceeds more 

o r  less  continuously as s t a r s  pass through their  explodill;: O r  supernova stage. O r  

perhaps it occurs within the suspected (but by no means r-tablished) super-massive 

s tars .  

postulated "big bang" explosion. 

O r  perhaps it occurred i n  some very early stage o f  the universe i n  the often- 

Newly fomed elements have amongst the i r  members inr.r.lt)le isotopes O r  radio- 

active elements. Some of these isotopes are very unstablr- and decay into stable 

isotopes almost immediately. Others live hundreds or  thf~li*;andS of Years O r  even 

more. 

of the gamma rays for a given unstable isotope is unique -:n that  they Provide a 

kind of signature. The Radiun isotope of mass number 22h (k226) ,  for e x V l e ,  has 

a ha l f - l i f e  of 1620 years and the gamma ray emitted has : t r i  energy of 0.187 MeV- 

When unstable elements decay, they sometimes emit  ma and the energy 
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Pb214, on the other hand, has a half- l i fe  of 26.8 minutes and emits gamma rays of 

0.352, 0.295, 0.24 and 0.18 MeV. 

then, would supply unique and very revealing information about where and when the i r  

parent elements were created. 

The detection of gamma rays of par.ticular energies, 

While low energy gamma rays of particular and unique energies are emitted by 

unstable and decaying radioactive isotopes, there is  one more process that is  

effective i n  producing gamma rays and x-rays.too, over a very broad band of energies. 

This process is called the inverse Compton effect ,  and l i k e  many astrophysical 

phenomena, is on a firm theoretical foundation but i s  practically unknown i n  lab- 

oratory experience. 

Imagine tha t  you, an observer a t  res t ,  produce somehow a musical note that  bounces 

off of a stationary object. 

frequency you produce. 

speed towards you. 

tone increased( the Doppler sh i f t )  i n  frequency by some factor k. 

the tone gets back t o  you, the frequency w i l l  be increased again( another Doppler 

sh i f t )  by this factor k so that the reflected echo w i l l  now have a frequency k 

times as big as the emitted frequency. 

Conceptually, the process is easy t o  understand by analow. 

The frequency of the echo w i l l  be the same as the 

But now suppose the reflecting object is moving a t  high 

Another observer on the moving reflector w i l l  hear your musical 

But then when 

2 

Essentially th i s  same phenomena occurs when low energy l ight  or  radio waves 

bounce from or  are scattered by very fast  moving electrons. 

proportional t o  frequency and the correct factor k, in  this case, is E/mc where E 

is the energy of the electron and mc2 is the rest mass-energy of the electron. We 

have seen that  electrons of energy 100 t o  10,000 MeV must be rather common in  radio- 

emitting objects. 

10 t o  10’. 

Photon energy is 
2 

2 Since mc2 = 0.512 MeV, our factor k is in  the general region of 
5 The average energy of the Dhotons of vis ible  l iFht is  about 2 eV, and 

recent measurements in  the microwave-near infra-red region show that there is a 

very large number of photons presumably throughout the universe in  the region of 
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0.001 eV. Scattering or  echoing of these optical  and radio photons from the very 

energetic electrons, then, is  effective in creating x and gamma rays from 100 eV 

a l l  the way to  10 eV o r  1 BeV. 9 

These, then, are the basic mechanisms by which cosmic gamma rays are produced. 

In summary, we have (a) gamma rays of particular and unique energies i n  the one 

MeV region from the decay of radio-active nuclei. 

super novae remnants and the very centers of galaxies where unusually massive 

objects may be situated. 

10 MeV and up produced by high energy protons i n  their  collisions with gas atoms. 

(c) Gamma rays of continuous energy distribution from a few MeV and up produced by 

high energy electrons i n  their  collisions with gas atoms. 

essentially a l l  energies, including x-ray energies, produced by high energy electrons 

in the i r  collisions with photons of the l igh t  from s ta rs  and photons of short wave- 

length radio or  infrared radiation. 

Likely sites are super novae, 

(b) Gamma rays of continuous energy distribution from 

(d) Gamma rays of 

Likely regions for  b,  c, and d are wherever 

synchrotron-produced radio noise emanates . 
Detection of cosmic gamma rays is  d i f f icu l t .  A l l  the schemes and detection 

methods tha t  we shal l  discuss involve ultimately the detection of charged particles,  

for  gamma rays themselves are not directly detectable by any known means. 

energy gamma rays and x-rays are most easily absorbed (and therefore detected) by 

the photoelectric effect. The gamma or x-ray ejects  one of the inner-most electrons 

of an atom. 

rest resides within the disturbed o r  excited s t a t e  of the struck atom. 

and within a very short time the energy of the struck atom is also converted into 

Low 

The ejected electron carries off par t  of the gamma ray energy - the 

Ultimately 

electron energy. High speed electrons now have a l l  the energy tha t  the incoming 

gamma ray had, but their  directions bear no relation t o  the gamma rays' original 

direction, 
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A t  small gamma ray eneqies ,  Compton scattering is also a significant absorption 

Here the gamma ray interaction is  with one of the outer or loosely mechanism. 

bound atomic electrons. 

given t o  the electron. 

The gamma ray is scattered and looses some energy which is 

The scattered gamma ray may be absorbed and i ts  energy given 

I tQ electrons ju s t  as w a s  the case with the original incoming gamma ray. For gamma 

ray energies larger than 1.02 bkV(  twice the res t  mass-energy of a single electron) 

electron-positron or pa i r  production becomes an energetically possible and important 

gamma ray interaction. The rest mass-energy of the pa i r  plus the i r  kinetic energy 

l is equal t o  the energy of the gamma ray. The positron member of the pa i r  w i l l  be 

eventually captured and w i l l  annihilate with an electron. In th i s  process, gamma 

I rays w i l l  be produced whose energy totals  the rest-mass energy of an electron positron 

pair. These gamma rays w i l l  then be absorbed by one or more of the processes 

previously discussed, and the i r  energy w i l l  eventually be transferred t o  electrons. 

We see then, tha t  it is  possible through any of these mechanisms tha t  the t o t a l  

energy of the incident gamma ray be converted into high meed secondary electrons. 

These secondary electrons and their  kinetic energv i s  detectable. 

counter, for  example, the electrons w i l l  coll ide repeatedly with the atoms that  make 

up the sc in t i l l a t ion  material. 

sodium iodide, cesium iodide and a specially prepared transparent plastic.  

the common property that  par t  of the energy lo s t  in them by f a s t  moving charged 

par t ic les  is emitted as l ight.  

tube and e lec t r ica l  pulses are produced whose magnitude i s  proportional t o  the energy 

of the gamma ray. 

photons tha t  are produced. 

In a sc in t i l l a t ion  

Scinti l lat ing materials in  current popular use are 

A l l  have 

The l ight is picked up by a nearby photomultiplier 

The energy resolution is  limited by the f i n i t e  number of l igh t  

In sodium iodide one photon is emitted for about every 

50 eV of e€ectron energy dissipated. 

tubes are rarely more than 20% eff ic ient ,  the equivalent energy D e r  nhotoelectron 

is about 300 eV. 

But since photocathodes of photomultiplier 
\ 

Hence when 0.03 MeV gamma rays are detected there are only N = 100 
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photoelectrons and the energy resolution is about 1/Jm o r  10%. 

The first successful cosmic gamma ray measurements i n  the FIeV region were 

those of Wtzger e t  a1 carried on the Ranger space vehicles ( 1, 2). 

ments were rather simple cesium iodide sc in t i l l a t ion  counters as are  shown 

schematically in  Fig. 2. 

The instru- - -, 

The cesium iodide is surrounded by a p las t ic  sc in t i l l a t ion  

counter. The time during which the s c i n  t i 1 l a t  ion l igh t  i s  emitted from cesium 

iodide(-1 psec) is much longer than the corresponding time for  p las t ic  s c in t i l l a to r  

('Lo.006 psec). This feature permits a separation of photomultiplier signals into 

those due t o  p las t ic  sc in t i l l a t ion  l ight and cesium iodide sc in t i l l a t ion  l ight.  

Charged cosmic ray particles which traverse the en t i re  assembly can therefore be 

separated from gamma rays which produce detectable signals ordinaril ly i n  only the 

cesium iodide. 

gamma ray arr ival  directions, and so  the detected quantity was the isotropk cosmic 

As flown, the instrument includes no provision for  determining 
/ f, I ,  7 1  I 

ganuna ray intensitv in the region 0.1 to  1 bleV. 

The first measurement that provided convincing evidence €or low energy gamma 

radiation from a discrete source was provided by the balloon-borne annaratus of 

Clark( 3 ) .  

thick) and w a s  provided with a collimator of brass s l a t s  which limited the f i e ld  of 

view to  k16O i n  one direction and 555' i n  the other. No p las t ic  s c in t i l l a to r  or  

other special provision for  eliminating incident charged par t ic les  was used. 

only energies in  the regions 9-15, 15-28, 28-42, and 42-62 KeV were recorded. 

Incident charged par t ic les  would dissipate a t  least  1 ?!eV i n  the thin counter and 

SO did not contribute direct ly  t o  the detected si'gnals. 

so that the detector axis nointed 35' from the ver t ical  and rotated slowly about a 

Here again, a sc in t i l l a t ion  counter was used. I t  was very thin (1 mm 

Rather , 

The apnaratus was suspended 

vertical axis, 

detectable signal w e l l  above the background noise was found a t  the approximate 

location of the Crab Nebula. 

A large nar t  of the vis ible  sb was therefore scanned repeatedly. A 

The physical mechanism responsible for  the generation 
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of these gamma rays and the more abundant x-rays at lower photon energies is not 

at a11 clear. 

certainly synchrotron radiation. 

rays too are synchrotron radiation but the energies of the implied electrons in 

The radio and much of the optical radiation from the Crab Nebula is 

There are some indications that x-rays and gamma 

this case are much too high to be accommodated in any of the current theories of 

the physical conditions within the nebula. 

have improved the background rejection and,enlarged the basic detector just discussed. 

With this improved instrument, shown in Fig. 3, flown by balloons from launch sites 

in both the United States and Australia, they have recently completed a survey of 

the entire sky. 

which correspond at least approximately to the positions of h a m  x-ray sources. Few 

(in fact only two or three) of the discrete x and g m  ray sources have been located 

in celestial coordinates well enough to permit unambiguous identification with 

objects that can be studied in visible light with ground-based telescopes. 

Dr. Clark and his co-workers at NIT 

About a dozen sources have been found, most of which have positions 

Particularly the groups at the University of California at San Diego (UCSD) 

under Dr. L. Peterson and at NASA's Coddard Space Flight Center (GSC) under Dr. K. 

Frost have been active in developing gamma ray detectors with excellent background 

rejection properties sensitive in the MeV region. In studies of discrete sources, 

one of course wishes to design a detector sensitive only over a narrow range of 

directions. 

mechanical collimators must be used. In the x-ray region and gamma rav region in 

the tens of KeV, this collimation can be provided, for example, by thin sheets of 

brass . 
in unintended directions. 

Since gamma rays cannot be focussed as can light and radio waves, 

A t  larger energies, much thicker collimators are required to prevent detection 

Unfortunately, charged cosmic ray particles and other 

gamma rays can and do interact in thick collimators and the secondary particles or 

g m a  ray can then enter the sensitive volume of the detector and be counted as 

unwanted background. The UCSD and CSFC scheme involves the use of a mechanical 



collimator thick enough fo r  i t s  intended purpose, but made i tself  of sc in t i l l a t ing  

material. The electronic c i rcui t ry  is  arranged i n  such a way that  gama rays detected 

by the inner sc in t i l l a t ion  counter are recorded only i f  no simultaneous radiation i s  

detected i n  the surrounding massive cesium iodide counter. 

instrument of t h i s  type developed by the USCD group is shown i n  Fig. 4. 

sensit ive directions include about 25.5'. 

A l i ne  drawing of an 

Here the 

A similar but much larger instrument with 

about 8' angular resolution is shown i n  Figure 5 .  

UCSD group. 

group fo r  f l i gh t  on one of the OS0 ser ies  of spacecraft. 

I t  also was developed by the 

Fig. 6 shows an instrument of the same tyoe, but prepared by the GSFC 

' hch of the low energy cosmic ray data tha t  we have, particularly information 
t 

on source energy spectra, have been gathered with howitzer-type instruments carried 

a lo f t  with balloons or  flown i n  satellites. 

fo r  carrying and orienting a detector of t h i s  type. 

and h i s  co-workers a t  Rice University in the i r  study of the gamma ray energv spectra 

of the Crab Nebula and from the Cygnus region (5, 6). 

Figure 7 shows a typical balloon system 

I t  was used by D r .  R. Haymes 

I 

Proportional counters have been widely used i n  cosmic x-ray investigations 

and have been used to  some extent i n  gamma ray investigations too. 

physics of the conversion of ganuna ray[ o r  x-ray) energy into electrons is concerned, 

the operation is ent i re ly  similar t o  a sc in t i l l a t ion  counter. 

speed electrons coll ide repeatedly wi th  gas atoms creating a large number of ionized 

gas atoms and free electrons. 

o r  anode which is at a high posit ive potential. 

takes place i n  which each incoming electron produces up t o  several thousand additional 

electrons. 

which can be m l i f i e d  and measured electronically. 

is proportional t o  the energy of the g m a  ray. 

As far as the 

The one o r  more high 

The free electrons are attracted t o  a central  wire 

Near the wire, a cascading process 

The collection of a l l  these electrons then constitutes a Dulse of charge 

The magnitude of the charge Dulse 

Here the energy resolution is limited 

by the f i n i t e  number of ion pairs produced. Since i n  most gases the average energy 
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required t o  create an ion p a i r  is near 30 eV, a gamma ray of 0.03 MeV w i l l  produce 

only N = 1000 ion pairs. 

at 0.03 MeV and therefore superior t o  that of a sc in t i l l a t ion  counter. 

detection of gamma rays of energy much in excess of 0.06 NeVwith proportional 

The energy .resolution is therefore typically l/fi = 3% 

But the 

counters i s  impractical because of the difficulty i n  confining a suitably large 

mass of gas to  a reasonable volume. 

Boldt and Serlemitsos of GSFC have de,veloped a gamma ray detector, shown i n  

Fig. 9, which consists of many small proportional counters separated from each 

other only by very fine wires. 

reducing background i n  x-ray detectors. 

is amplified and recorded separately s o  that  x or  gamma rays which deposit the i r  

energy i n  one o r  a t  most two or  three counter segments can be recognized and 

Similar schemes have proven very effective i n  

Ideally, the pulses from each of the anodes 
0 

distinguished clearly from incident charge particles which are more apt t o  deposit 

the i r  energy i n  many segments. 

Proportional counters have not yet had wide use in  low energy gamma ray 

investigations. 

R. Sullivan and J. McClintock of MIT for investigations particularly of the radio 

galaxy M-87. 

Figure 10 shows a balloon-borne apparatus developed and used by 

The l a s t  and probably most promising low energy gamma ray device is the so l id  

s t a t e  detector. As with the gas proportional counter and sc in t i l l a t ion  counter, 

gamma ray energy is determined correctly provided a l l  of the gamma ray energy is 

transferred to  electrons which i n  turn loose a l l  of the i r  energy i n  the sensit ive 

m a s s  of t he  detector. The important feature of the sol id  s t a t e  detector is the 

very small amount of energy required to  produce an electron-hole pair. For Lithium- 

dr i f ted  Germanium, th i s  energy is about 2.9 eV so tha t  a 0.03 MeV gamma ray produces 

about N = 10,000 electrons for  a theoretical energy resolution of l/fl = 1%. A t  

small gamma ray energies the resolution is limited not by s t a t i s t i c a l  consideration, 
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but by the inherent detector and pre-amplifier noise. For small detectors ;itid 

noise pre-mlifiers cooled t o  liquid nitrogen temperatures, the state-of - tlic-art 

noise limitation corresponds to  about 500 eV so tha t  the s t a t i s t i c a l  and irlllcrent 

noise contributions to  the energy resolution become equal a t  about 0.03 FkV, Finerg 

' resolution is of utmost importance i n  attempts t o  detect monoenergetic gamni;i rays 

from radioactive nuclear decay when there i s  a background of more or  less continuously 

d i s t r b  uted gamma ray energies present. 

Several groups have developed balloon-borne solid s t a t e  detectors for  low 

energy gamma ray investigations. 

Womack of MIT and shown in  Fig. 11 is very similar though appreciably largcr than 

an instrument developed by Drs. Peterson and Jacobson of UCSD. 

both cases is provided by active scint i l la t ion counter shields. 

the usual problems of telemetry, orientation, etc. ,  there is  the d i f f icu l t  conmlication 

of flying the cryogenic apparatus needed to  keep the detector and i ts  preanp)lifier 

cooled t o  l iquid nitrogen temperature. Figure 1 2  i s  a uhotograph of the UCSI) apparatus 

mounted i n  i ts  orientation mechanism. 

The instrument developed by Drs. Overbeck arid 

Collimatioii i n  

In addition to 

A group a t  Oak Ridge National Laboratory under Dr .  J. 3. Gibbons is dcvcloping 

a very large cooled solid s t a t e  instrument for  low energy gamma ray investicntions 

aboard one of NASA's Apollo Applications Programs missions. A preliminary version 

is shown i n  Fig. 13. The long collimator provides an angular resolution of about 3'. 

While the MIT and UCSD devices as well as the Oak Ridge device have flown successfully 

on balloon-borne instruments, it seems l ikely now that long exposure with large 

instruments w i l l  be necessary to  detect nuclear g m a  ray l ine radiation. 

The broad gamma ray energy region between several MeV and about 100 ?.lcV remains 

There are certainly interesting and important questions t o  be v i r tua l ly  unexplored. 

answered by observations carried out i n  these energies, but  the detection problem 

are formidable. Absorption probabilities are small, which means tha t  the mass of 
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apparatus f o r  t o t a l  absorption of the gamma ray energy is very large. Further, 

collimation is very diff icul t .  

by photo-electric absorption are negligible and only pa i r  production is important. 

That th i s  is so, however, can be used advantageously a t  higher ganuna ray energies. 

Gamma ray absorption by Compton scattering and 

This is because the electron-positron pair emerge from a pa i r  production process 

at an angle which is near (mc /E) radians t o  the direction of the gamma ray. O f  

course the pa i r  production process must necessarily take place in  matter of some 

sort, and i n  getting out of t h i s  matter (the pair  converter) the electrons sca t te r  

i n  the i r  encounters with atomic nuciei. In ntost practical situatims, it is  the 

multiple scattering of the electrons that determines the accuracy with which the 

gamma ray arr ival  direction can be inferred from the electron (and positron) 

directions . 

2 

One of the f i r s t  high energy gamma ray investigations used a combination of a 

heavy lead shield and pair  direction t o  define the gamma ray arr ival  direction. 

The detector was designed by Dr. T. Cline, then of MIT, now a t  GSFC and is shown 

iq Fig. 14. Gamma rays Dassed through the two p las t ic  anti-coincidence or veto 

counter p l a s t i c  sc in t i l l a t ion  counter shields and were converted into electron- 

positron pairs  in the mercury converter. 

actual tmeration and was only in the position shown €or background evaluation 

studies.) The pairs were next detected i n  a thin cesium iodide sc in t i l l a t ion  

detector and then in  the Lucite Cerenkov counter. 

(The mercury absorber was removed during 

* 
(When a charged par t ic le  t r a -  

verses a transparent substance it emits l ight  i n  a cone of half  angleesuch tha t  

cos 8 = c/vn where c is the velocity of l igh t ,  v is the velocity of the par t ic le  

and n is the index of refraction of the transparent substance. 

c h ,  no Cerenkov l ight  is emitted). 

counter guaranteed that the charged particles were travell ing dam, not up through 

the apparatus and similarly guaranteed tha t  they were f a s t  l igh t  par t ic les  (electrons) 

If v is less than 
3 

The detection of a l ight  pulse from the Cerenkov 

* 
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not slow protons. The lack of detectable pulses from the two plas t ic  veto counters 

insured that  the incident par t ic les  were e lec t r ica l ly  neutral. 

was successful in  establishing meaningful upper l i m i t s  t o  the g m a  ray f lux from 

a variety of l ikely sources, but did not detect a def ini te  extraterrest ia l  f lux (7). 

Cline * s experiment 

The first s a t e l l i t e  high energy gamma ray investigation was flown as Explorer 

X I ,  and was developed at  bIIT by Dr. Clark and the author of t h i s  a r t ic le .  

shown schematically in  Fig. 15. 

I t  is 

The principle of detection is similar t o  the 

as only providing upper l i m i t s  t o  the cosmic high energy flux. 

a marginally significant indication of an enhanced flux from the galactic plane o r  

&lky 'way (8). 

There was, however, 

. A much improvedversion of the Explorer X I  instrument was designed by Clark, 

Garmire, and the present author for  f l ight  on the third Orbiting Solar Observatory 

(OS0 111). 

pairs i n  one of the top layers of sc in t i l l a t ion  counter. 

and also in  the Cerenkov counter and i n  the layered energy-calorimeter a t  the base 

of the instrument. The calorimeter consists of alternate layers of sodium iodide 

I t  is shown i n  Fig. 16. Gamma rays are converted into electron-positron 

The pa i r  is  detected there 

and Tungsten so as t o  provide the large mass of material required to  make an energy 

measurement of high energy electron-positron pairs . 
early i n  Flarch of 1967 and is st i l l  operating. 

rays coming preferentially from the galactic plane has been detected (9). 

intensity is large - too large t o  be accounted fo r  by a simple application of the 

production mechanism ideas outlined ear l ie r  in  the a r t i c l e  - but in approximate 

agreement with the tentative results mentioned above from the Explorer X I  instrument. 

A t  t h i s  time, before our detailed analysis i s  complete, we can only conclude that 

there a re  l ikely more cosmic ray type particles confined to  the galactic plane than 

This instrument went into orb i t  

A definite flux of high energy gamma 

The 
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thought. before. 
I 

While _ _  these two satellite experiments were being tlcvcloped and f l m ,  similar 

experiments were carried out by other groups, notably a group at Rochester under 

&. Kaplon, Euthie and Hafner, and a group at the University of New Mexico under 

pr, €. beavitt. At various times apparent positive rcsults were obtained, but 

none survived attempted confirmation by later experiments. 

@park chamber technique, so useful in laboratory high cncrgy physics investigations, 

was adapted to high energy cosmic gamma ray investigations, 

I 
Simultaneously, the 

- ----L-- -E - - - - i i A l  - l . . - A - - ~ -  ____- 3 ~ . -  ._ A spark chamber consists Or a IIUIIIUGL VI paiaiic;l  LLCLL~WUCS,  3 l J d c w v y  t o  

r/4tt and filled with a Helium-Neon gas mixture. When external counters indicate 

ghat a particle has traversed the chamber, alternate clcctrodes are pulsed to about 

$0,000 volts. .4t the sites of ionization between the clcctrodes, the gas breaks 

&m, forming a mark which can be photographed or othcmise recorded. 

&amber, when used €or high energy cosmic ganma ray investigations, has a very 

jqortant advantage - an advantage which insures that it or some similar instrument 
will be the ultimate tool for good quality measurements. When a "telescope" of the 

OS0 111 or Explorer XI variety views the Sky and r~cords a gamma ray, one only knows 

$hat the g m a  ray arrived from some direction within the rather large acceptance 

gone of the instrument. 

@bout 25O wide.) 

be viewed during one observation, but the spark tracks can individually be analyzed 

md associated with a gamma ray arrival direction to within about lo. 

The spark 

(For the Explorer XI and OS9 111 instruments this cone was 

With a spark chamber, on the other h<uld, a large solid angle can 

A mica1 gamma ray spark chamber,developed for balloon observations by the 

The gamma ray Ease-Western Reserve group under m. G- F v ~  is shown in Fig. 17. 

$onversion into electron-positron pairs OCCUrS in one of the 30 thin stainless steel 
1 .  

plates. The electron tracks can therefore be observed before the electrons have 

fraversed much material in which scattering Can take nlace. Triggering of the 
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apparatus was provided by the two plastic scintillation counters and by the 

Cerenkov counter at the bottom. Cameras photograph the spark chamber in two 

stereoscopic views each time the chamber is pulsed. 

A photograph of an entirely similar apparatus developed for balloon flight 

used by a group at the Smithsonian Astrophysical Observatory (Drs. G. Fazio and 

H. Helmken) is shown in Fig. 18. 

viewed by a vidicon camera. 

where it is recorded on film and magnetic tape. 

Here the spark chamber is not photographed, but 

The televised, information is telemetered to the ground 

A g r e q  at, Cnrnel l  Lhiversity under Drt K, Greisen and a group at the 

University of Southampton (England) under Dr. G. Hutchinson have used microphones, 

two or three located at each electrode gap, to locate spark coordinates. 

sparks are acoustically well defined, so that relative arrival times of the acoustic 

pulses at the microphone can be used for this purpose. The Cornel1 chamber was used 

for balloon-borne observations. The Southampton chamber was developed for flight on 

the NASA satellite, OGO-5, and is presently in orbit. 

Results are not as yet available. 

The 

It is shmn in Fig. 19. 

Dr. C. Fichtel and his co-workers at the Caddard Space Flight Center have 

developed a wire electrode spark chamber for high energy cosmic gamma ray investigation. 

Alternate electrodes consist of planes of wires and the wires in one plane are spaced 

by 0.05". 

also as gamma ray pair converters. 

so that information as to which wire sparked is available. 

Between the wire electrodes are thin metal plates electrodes which serve 

Each wire passes through a small magnetic core 

Alternate electrodes are 

arranged with wires perpendicular and so provide both x and y coordinates. Two sets 

of wires are skewed 45' to the rest to eliminate ambiguities which arise when two or  

more particles are detected. Core readout for telemetry is accomplished by standard 

methods. The magnetic core readout-wire spark chamber has been used by the Fichtel 

groun for several balloon flight experiments and a space-worthy model of the device 
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shown in Fig. 20 is presently being prepared for  f l igh t  on the second Small 

Astronomy Sa te l l i t e  [ $AS-B) . I 

IVl-tile the spark chambers as described above are able t o  determine electron 

directions with small scattering error,  the plates do have some f i n i t e  thickness 

and particularly a t  small gamma ray energies (less than 100 Mev) the scattering 

errors are  appreciable. 

J. Waddington and the other a t  Washington University under Dr. J. Klarmann have 

successfully used nuclear emulsions together with spark chambers to  measure gamma 

n o  groups, one a t  the University of Minnesota under Dr. 

q y  ari-2v-g? dircc-ions. I%- -* .r l - - -  nm*lc;nnc m v n  mnlm+nrl n;+hnv niro? act~al l ir  I 111- 1 A U C A C I U A  b I 1 1 U A 5 A V J A J  U A  L. IIIVCU.b.L-U V I  b.1L-A v v  V I  

within the spark chamber, and the snark chamber tracks are used only for  locating 

the si te within the emulsion that the gamma ray pair  production process took place. 

In the emulsion the direction of t h e  electrons can be determined close to  their  

point of oriyin, before scattering effects have become serious. 

Balloon-borne spark chamber instruments have good sensi t ivi ty  fo r  the detection 

of possible discrete high energy gamma ray sources, but are poorly suited to  a 

diffuse or apparent l ine source such as has been detected in  the OSO-111 measurement. 

This is because with any balloon-borne experiment, there is  bound t o  be 0.3% or  

more of the to t a l  atmosphere still  above the aDparatus. 

gamma rays by th i s  amount of matter i s  of no consequence. 

The absomtion of incident 

Ru t  there is created i n  

th i s  much air a relatively large gamma ray background by the nuclear interactions of 

charged cosmic ray particles. 

imately eaual intensity, but the background flux from any given small area of sky, 

say one square degree, is small. A point source emitting a given flux, therefore, 

This background comes from a l l  directions with approx- 

appears more clearly above the background noise than does a diffuse source, even i f  

emitting the same t o t a l  f lux but spread over a large area of sky. 

instrument was able t o  detect a diffuse flux only because the background level was 

very small. 

, 
The OSO-111 

None of the balloon-borne spark chamber devices flown t o  date have 
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provided convincing independent evidence for any extra- terrestial gamma ray flux, 

discrete or diffuse. Recent observations by the Case-Western Reserve and University t 

'of Minnesota groups, however, do seem to provide supporting evidence for a flux 

I from the galactic plane in the Cygnus region at about the level reDorted by the 

OSO-I11 elcperimenters. 

Satellite-borne spark chamber instruments will not, of course, have to contend 

with atmospherically produced background and should be vastly superior to poor- 

angular-resolution instruments such as OSO-111. The GSFC digitized spark chamber 

scheduied t o  be fiuwx on SASE in  1971 is a very L!c?rtmt mxt  step, hnth because 

of the new information on gamma rays that it should provide, and also because it 

will provide experience and essential engineering information needed for the optimum 

design of much larger instruments. 

than that to be flown on SAS-B will be needed because of the very small gamma ray 

flux levels to be emected from some of the most interesting objects. 

It is clear that instruments appreciably larger 

An alternative scheme for good angular resolution detection of high energy 

cosmic gamma rays is currently being developed by Dr. G. Fatio of Smithsonian 

Astronhysical Observatory, Dr. K. Greisen of Cornel1 IJniversity, and Dr. M. Shapiro 

of the Naval Research Laboratories. 

Gamma rays enter from the left, pass undetected through a plastic veto or anti- 

coincidence counter (S-1) and enter the lead converter where electron-positron pairs 

are produced. 

counter and then enter the large volume of low pressure gas where, if their velocity 

is great enough, the electrons emit Cerenkov light. 

the mirror on to the array of seven photomultiplier tubes. 

The proposed device is shown in Fig. 21. 

The pairs pass through and are detected in a thin scintillation 

Cerenkov light is focused by 

The important features 

of the proposed instrument are its relative simplicity, large area, and emected 

excellent background rejection properties. 

only very high velocity particles can be detected, thus eliminating a large portion 

The low pressure Cerenkov gas means that 
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of the potential (proton) cosmic ray background. 

which detect the Cerenkov l igh t  should get t h i s  precisely 3.2 x lo'* seconds after 

the sc in t i l l a t ion  counter near the converter records the passage of the electron- 

positron pair. 

testing and operation, with the expectation that  it w i l l  eventually be flown on one 

of NASA's larger orbi ta l  s c i en t i f i c  missions. 

the angular resolution of the device is about lo. 

have t o  be pointed towards a suspected gamma ray source for  extended periods of time 

md is pm~hahly not w e l l  suited to  an all-sky survey. 

Further, the photomultipliers 

The instrument is currently being developed fo r  balloon-flight 

For gamma rays above about 250 MeV, 

The instrument does, of course, 

Early i n  the a r t i c l e ,  I mentioned a very ingenious method tha t  has been 

developed t o  investigate from the ground the possible flux of very energetic cosmic 

gamma rays. When a very high energy gamma ray enters the Earth's atmosphere, it 

penetrates a short  distance, but eventually makes an electron-positron pair. 

pair ,  having also high energy, penetrate further and eventually coll ide with atomic 

nuclei t o  produce more gamma rays. 

The 

These gamma rays penetrate more, and produce 

more pairs. 

may contain hundrekof even many thousands of par t ic les  a t  the height of its 

maximum development. The electrons and positrons, being charged par t ic les ,  emit 

l igh t  by the Cerenkov process and a t  least  while they s t i l l  have high energy, the 

direction of the i r  emitted l ight.wil1 correspond very closely (to within a degree 

or so) t o  the direction the incoming gamma ray had when it entered the atmosphere. 

Quantitative arguments show that th i s  l ight  should be detectable from the ground, 

provided the energy of the incoming gamma ray is 1000 Rev o r  so. 

depends upon the size of the l ight  collectors or  telescope. 

easi ly  distinguished from s t a r  l igh t  because the Cerenkov l igh t  from showers arrives 

a l l  a t  once i n  a sudden burst while s tar l ight  is steady with only random s t a t i s t i c a l  

fluctuations, 

In th i s  way a shower of  energetic particles builds up and the shower 

The exact threshold 

Light from showers is 

Showers which originate from charged cosmic ray par t ic les  produce a 



large and significantly limiting background. Cerenkov l ight  from gamma ray induced 

showers cannot be direct ly  distinguished from that  due t o  par t ic le  induced showers. 

But charged cosmic ray par t ic les  arrive a t  the earth isotropically, whatever t he i r  

source. 

I 

This is because random magnetic f ie lds  i n  in t e r s t e l l a r  space thoroughly 

twist and confuse charged par t ic le  trajectories. 

come directly,  source-to-observer, as does l ight.  

being used fo r  gamma ray detection via  Cer,enkov a i r  shower l igh t  is made t o  scan 

Gamma rays, on the other hand, 

In practice, then, a telescope 

across the position of a suspected source and the rate of detected l igh t  pulses i s  

I 
Wnca-AnA --A a v m r n ; n n A  Fnr nnccihle i n r r e n c e s  rnrrel ated with celestial position. 
A G L U L C I G U  CLIIU b A W I I L S 1 U U  y w u d - w - -  ---------- ---- - -_  

Several groups have been responsible for  the development and use of t h i s  technique. 

They are led by Dr. A. Chudakov of the Lebedev Ins t i tu te  i n  !%scow, Dr. J. Jel ley 

of the Atomic Energy Research Establishment i n  England, Dr.  Neil Porter of University 

College, Dublin, and Dr. G. Fazio of the  Smithsonian Astrophysical Observatory. 

Fig. 22 is shown a recently completed optical ref lector  constructed by the Smithsonian 

Astrophysical Observatory specifically fo r  gamma ray a i r  shower studies. 

In 

I 

I t  is 

located on Mt. HoDkins i n  Arizona. To date none of the air  shower investigations 

have detected a high ener_gy gamma ray flux that  has been unambiguously confirmed. 

The M t .  Hopkins reflector is j u s t  now star t ing a regular observing program, however, 

and resu l t s  are eagerly awaited. Because of i ts  great size and ideal location (good 

quality observations can only be-made on clear, moonless nights) the M t .  Hopkins 

equipment w i l l  have many times the sensi t ivi ty  of the similar but smaller equipment 

used previously. 

This, then, is a brief report of the s ta tus  of gamma ray astronomy. I t  is a 

young f i e l d  with, if past  experience with radio and x-ray astronomy is a fair index, 

a promising future. I have emphasized the instrumental asnects of the problems that  

exist, because it seem t o  me that  it is here that  the f i e l d  i s  i n  serious need of 

new developments and ideas. Radio and x-ray astronomy emerged as astronomical tools 
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with a rich laboratory and even industrial heritage. 

Maybe it really is. 

of people. 

Gamma ray detection seem hard. 

But maybe we j u s t  need ideas from a broader interested group 

, 
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Figure Captions 

Fig. 1 Height i n  the earth's atmosphere t o  which detecting apparatus m u s t  be 

carried i n  order t o  detect directly more than 50% of the incident cosmic 

electromagnetic radiation. For the purposes of t h i s  a r t i c l e ,  gamma rays 

are taken t o  mean radiation with wavelength smaller than 0.5 Angstrom 

units,  or photon energy greater than about 25 KeV. 
I 

Fig. 2 Lnw energy gamma ray detector flown on Ranger. C 3, 2) 

Fig. 3 Balloon-borne low energy gamma ray detector of Clark, Lewin and Smith.(4] 

Fig. 4 Howitzer type of lm energy gamma ray detector developed by the UCSD 

group under Dr. L. Peterson. 

by the active sc in t i l l a t ion  material which surrounds the inner gamma ray 

detector . 

The collimation of the gamma ray is provided 

Fig. 5 Advanced version of a detector of the type described i n  Figure 5. 

Fig. 6 Howitzer type of gamma ray detector fabricated and ready fo r  satellite 

f l igh ts  on one of the OSOC~biting Solar Observatory) spacecraft. [ C;SFC) 

Fig. 7 Balloon orientation system used by Haymes and Craddock in  the i r  inves- 

t igation of gamma rays from the Crab Nebula. 



Fig. 8 One of the Orbiting Solar Observatory (0%) spacecraft. 

implies, the primary purpose of t h i s  spacecraft is fo r  solar investigations. 

As the name 

The solar cell panel and perpendicular c luster  of small aperture instruments 

points steadily a t  the sun when the s a t e l l i t e  is  on the sun-l i t  side of 

the earth. 

‘second and so instruments mounted i n  the wheel which ordinarily view out 

along a radius scan a plane in the sky once every two seconds. This space- 

craft has carried several gama ray i n s t m e n t s  in to  orbi t .  

The wheel section beneath rotates a t  about 0.5 revolutions per 

Fig. 9 

Fig. 10 

Fig. 11 

Fig. 1 2  

Fi‘g. 13 

Proportional counter x and gamma ray detector developed by Drs. Boldt and 

Serlemitsos of GSFC. 

Balloon apparatus orientation system develuped bv 31IT group fo r  cosmic 

gamma ray measurements. 

Solid-state gamma ray detector i n  its sodium iodide howitzer collimator 

UCSD solid-state gamma ray detector mounted with i ts  cryogenic system in 

the balloon apparatus. 

Proposed solid-state gamma ray detector being developed for  NASA’s Apollo 

Applications Program by Oak Ridge National Laboratory. 

Fig. 14  Balloon-borne high energy gamma ray detector developed by T. Cline. 

Fig. 15 Gamma ray detector flown i n  1961 as Explorer X I .  



Fig. 16 

-Fig. 17 

Fig. 18 

Fig. 19 

Fig. 20 

Fig. 21 

Fig. 22 

I 

Improved gamma ray detector flown in 1967 aboard OSO-111. 

Cosmic gamma ray spark chamber developed for balloon flights by the 

Case-Western Reserve group. 

Spark chamber apparatus developed for balloon-borne gamma ray measurement 

by the Smithsonian Astrophysical Observatory. The spark chamber is not 

photographed, but is viewed stereoscopically by a vidicon camera. 

Acoustic spark chamber developed by the Southampton group for flight 

on OGO-5, 

Magnetic core read-out high energy cosmic gamma ray spark chamber being 

prepared by GSFC for fl3ght in 1971 on the Small Astronomy Satellite 

(SAS-B). 

High energy gamma ray detector being developed jointly by Cornel1 

University, Smithsonian Astrophysical Observatory, and the Naval Research 

Laboratory. 

Optical reflector for the detection of Cerenkov light generated by gama 

ray induced air showers. 

sonian Astrophysical Observatory, is located on Mt. Hopkins, .Arizona. 

The 10 meter reflector, developed by the Smith- 
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